Abstract We developed a method to assess the accuracy of an image-free resurfacing hip arthroplasty navigation system in a proximal femur with normal and abnormal anatomy. A phantom lower limb allowed deformation in varus/valgus and ante-retroversion. At specific points during the simulated surgical procedure, information was compared between a digital caliper and the computer navigation system angular measurements. Repeated serial tests were undertaken. In the setting of normal anatomical alignment of the proximal femur, the mean error of the system characterised as the difference between the measured computer navigation and caliper angles was 0.6°in the frontal plane and 3.4°in the lateral plane. In the setting of abnormal anatomical alignment, the mean error was 0.4°i n the frontal plane and 2.1°in the lateral plane. This is the first study designed to assess the accuracy of a femoral navigation system for resurfacing hip arthroplasty in normal settings and in the presence of angular deformity. The study demonstrates satisfactory in-vitro accuracy.
Introduction
Correct positioning of the femoral component in resurfacing hip arthroplasty (RHA) has been shown to be an important factor in successful long-term outcome [2, 4] . Recent advances in computer-assisted navigation technology (CAS) address the several fundamental limitations inherent in conventional alignment and implant positioning tools for total hip and knee arthroplasty [4, 6, 11, 13, 15, 16] . More recently, CAS tools have been used in clinical settings for RHA navigation; however, clinical experience and radiological outcomes of CAS applications in RHA are still limited [1, 7] , and little is known about their accuracy [5] .
The objectives of our study were: (1) to design and develop a method to assess the accuracy of an image-free infrared technology CAS navigation system for RHA, and (2) to assess its accuracy in an experimental model with both normal anatomy and with angular deformity of the neck/head segment.
Material and methods
A leg phantom (Version 3, Medical Models Ltd., Middlesex, UK) designed for in vitro surgical training of CAS resurfacing hip arthroplasty was modified to allow for a simulation of normal and deformed proximal femur alignment. The modification involved fixation of a square aluminium block and aluminium 10°adapter wedges at the base of the femoral neck (Fig. 1) . The block and wedges provided a rigid connection with the predetermined angle between the femur axis and the femoral neck and head segment (Fig. 2) . The Kolibri navigation system (BrainLab, Munich, Germany) with dedicated ASR software (DePuy, Leeds, UK) requires various landmark points to establish the femoral shaft axis, the femoral neck axis, and the frontal plane of the leg in order to assist the surgeon in the placement of the guide wire for reaming of the femoral head. The femoral shaft axis runs from the point midway between the medial and lateral epicondyles to the femoral neck base point, which is arbitrarily positioned in the vicinity of the piriformis fossa. The proximal femur axis is calculated from a multitude of points registered on the anterior, superior, posterior, and inferior faces of the femoral neck. The stem-shaft angle is then calculated in reference to the frontal plane of the leg. The frontal plane is defined by three points, namely, the mid-point between the two epicondyles, the femoral neck base point, and the centre of rotation of the femoral head (Fig. 3) . The medial and lateral epicondyles, the greater trochanter, the neck base point, and the sizing point (crucial for implant positioning and sizing) were marked with grub screws, which were inserted into the leg phantom to ensure their reproducible acquisition throughout the study. An additional grub screw was inserted along the femoral shaft, which was required for control calculations. After setting up the leg phantom with the respective deformity we then conducted the operation in accordance with the CAS system procedure to insert the reference drill guide into the femoral head and neck segment. The implant shaft angle and the deviations of the computed trajectory in the frontal and axial planes registered by the CAS system were recorded. We used three tools to assess the CAS system's accuracy: (1) an X-ray micro-tomograph (SkyScan 1172, SkyScan, Belgium) was used to scan the femoral head component in order to determine the 3D trajectory of the guide wire; (2) a coordinate measurement digital caliper (FaroArm S06/REV 22, Faro Technologies Inc., USA) was used to acquire the 3D coordinates of the phantom leg using anatomical landmarks (medial and lateral epicondyles, a point along the femoral shaft, the neck base point), as well as to determine the 3D coordinates of the femoral component alignment guide using three landmark points taken along the guide; (3) a 3D model of the femoral head and computer aided design (CAD) software (SolidWorks 2007, SolidWorks Corporation, USA) was used to calculate the centre of rotation. The centre of rotation of the hip joint was constant throughout the study, as 15 specimens of the same 3D model were used for the measurements. All other landmark points or the femoral neck axis were individually measured during each CAS procedure. The coordinate data and images were processed and the implant shaft angle computed using a computer program written in MATLAB (The MathWorks, USA). Five sets of experiments were conducted: a repetition study of three measurements with neutral femoral head and neck alignment (127°of CCD angle, 15°of neck/head segment anteversion) and three repeated measurements with deformed alignment of the neck/head segment (10˚respectively in varus, valgus, anteversion, and retroversion), totalling 15 measurements. In all measurements, we aimed to position the guide with an implant-shaft angle of 127° (Fig. 4) . This angle was chosen to facilitate the measurement process. In clinical settings, an implant-shaft angle of 130-135°or more is recommended.
Results
The mean measured difference between the CAS system and calculated angles with the FARO arm in the normal anatomical settings was 0.6°in the frontal plane (confidence intervals 0.4-0.7°) and 3.4°in the lateral plane (confidence intervals 2.7-4.1°). The overall mean measured difference between the CAS system and calculated angles in the abnormal anatomy settings was 0.4°in the frontal Fig. 3 Reference points for definition of the frontal plane Fig. 4 The CAS proximal femur morphed model indicates the implant shaft angle and the lateral plane "neutral" alignment of the head and neck segment in normal anatomical settings plane (confidence intervals 0.3-0.5°) and 2.1°in the lateral plane (confidence intervals 1.1-3.1°). Table 1 shows the measured difference between CAS and calculated angles in the 10°frontal deformity and 10°neck version deformity. A paired two-tailed t test was performed on each measurement set that included the neutral measurement and the four simulated deformities with CAS and the FARO electronic caliper. The difference between the two measurements was statistically significant (p<0.05) for the normal anatomy in the frontal plane, but not for any of the simulated deformities in the frontal plane. There was no statistical significance in the lateral plane for any of the data sets.
Discussion
To our knowledge, this is the first study designed to assess accuracy of an image-free CAS navigation system for RHA in normal anatomy and angular deformity settings. For this purpose, we built a mechanical phantom in conjunction with a precision coordinate measuring system. A similar experimental model was used to assess accuracy of CAS in total knee arthroplasty [12] . Our study demonstrates a satisfactory level of accuracy of the Kolibri system. So far, no comparisons exist between different CAS navigation systems for RHA in the literature. Use of standards for preclinical validation of CAS systems is needed, and this study is a first attempt to address this issue.
RHA is technically demanding and time consuming and has been associated with greater implant placement variability [14] . The insertion of the RHA femoral component using conventional tools relies on the freehand placement of a femoral guide wire, based on estimates of optimal positioning from pre-operative imaging and surgical jigs. Such estimates introduce imprecision and may result in malpositioning and notching of the femoral neck [9] . These results are associated with an increased incidence of femoral neck fracture and early implant failure [2, 4, 14] . In view of these problems, the application of CAS navigation technology in RHA appears reasonable. Computer navigation improves implant positioning and may prolong survivorship in total hip and knee replacement arthroplasty [3, 15] . However, there is a paucity of experimental and clinical data relative to CAS applications in RHA. The purposes of CAS systems in RHA are to insert the femoral neck guide wire with greater accuracy and to help in sizing the femoral component. Pre-clinical trials of various CAS navigation systems have demonstrated consistent reproducibility of precise guide pin placement and optimum implant-shaft angle [1, 3] . Analyses in synthetic models, cadaver models, and in the clinical setting have shown that computer navigation significantly reduces implant positioning variability [1, [7] [8] [9] . These results seem to be independent of surgeon experience [3, 9] . Davis et al. [5] , in a cadaver study, reported a range of error of implant-shaft angle position of 15°(SD 4.2°) with conventional tools and only 8°(SD 2.9°) with CAS technology. In contrast, Krueger et al. [10] , in a clinical trial, reported no difference of femoral component position between CAS and conventional RHA.
This study has some limitations. First, the use of head specimens with the same shape impaired the ability to determine CAS accuracy of implant sizing. Secondly, the Kolibri CAS system does not report the absolute angle values of the head and neck version in the lateral plane. However, the system indicates to the surgeon the ideal "neutral" positioning of the guide wire passing through the centre of the femoral head and along the anatomical axis of the neck in the axial plane. Subsequently, we needed to calculate the ante-and retroversion CAS angle values using the lateral alignment adjustment tool in reference to the intercondylar axis. It is recognised that this is a poor approximation, but insofar as the study was performed by always using the same registration points in the epicondylar area, we believe that this limitation has been minimised. Unfortunately, we had no access to the algorithm software of the CAS system to verify our indirect measurement of the ante-and retroversion alignment. Certainly, the lack of the CAS version angle values in clinical settings can be problematic. On the other hand, surgeons habitually aim to align the femoral component in the lateral plane according to the patient anatomy; correction of abnormal ante-or retroversion of the head and neck segment is usually not indicated in RHA [13] .
This study was designed to determine accuracy of the Kolibri CAS system in the presence of angular deformity of the neck/head segment. A frequent deformity seen in Caucasian patients requiring RHA is the so-called pistolgrip configuration of the head and neck segment; presence of this deformity can be a challenge for the surgeon because of the risk of notching and of mal-positioning of the femoral component. Accuracy of the Kolibri CAS system in these settings was not tested in our study.
In conclusion, this experimental study shows accurate femoral CAS navigation in RHA using the image-free 
